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A novel and highly sensitive electrochemiluminescence (ECL) biosensing system was designed and de-
veloped for individual detection of different organophosphorous pesticides (OPs) in food samples. Bi-
metallic Pt-Au nanoparticles were electrodeposited on multi-walled carbon nanotubes (MWNTs)-mod-
ified glass carbon electrode (GCE) to increase the surface area of electrode and ECL signals of luminol.
Biocomposites of enzymes from acetylcholinesterase and choline oxidase (AChE and ChOx) were im-
mobilized onto the electrode surface to produce massive hydrogen peroxides (H2O2), thus amplifying ECL
signals. Based on the dual-amplification effects of nanoparticles and H2O2 produced by enzymatic re-
actions, the proposed biosensor exhibits highly sensitivity. The proposed biosensing approach was then
used for detecting OPs by inhibition of OPs on AChE. Under optimized experimental conditions, the ECL
intensity decreased accordingly with the increase in concentration of OPs, and the inhibition rates of OPs
were proportional to their concentrations in the range of 0.1–50 nmol L�1 for malathion, methyl para-
thion and chlorpyrifos, with detection limit of 0.16 nmol L�1, 0.09 nmol L�1 and 0.08 nmol L�1, re-
spectively. The linearity range of the biosensor for pesticide dufulin varied from 50 to 500 nmol L�1, with
the detection limit of 29.7 nmol L�1. The resulting biosensor was further validated by assessment of OPs
residues in cabbage, which showed a fine applicability for the detection of OPs in the realistic sample.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Organophosphorus pesticides (OPs) are a large group of pesti-
cides and widely used in agronomic practice for killing insects and
protecting crop production [1,2]. As toxic chemicals once OPs
contaminate humans and animals, the visual and nervous system,
and sensory or cognitive function can be seriously impaired [3]. It
was reported that OPs or their active metabolites can exert their
detrimental effects by blocking the enzyme activity of acet-
ylcholinesterase (AChE), which in turn leads to accumulation of
the neurotransmitter acetylcholine (Ach) in synapses as well as
over-stimulation of the post-synaptic cholinergic receptors with a
consequence of neurotoxicity [4,5]. Considering the environmental
security and risk of OPs, it is of great importance and urgency to
develop an accurate, sensitive, and rapid method to monitor the
realistic environmental and food contamination. Up to now, var-
ious methodologies have been developed for assessment of OPs,
Agricultural University, Wei-
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such as high performance liquid chromatography (HPLC) [6], gas
chromatography (GC) [7], chemiluminescence [8], and thin-layer
chromatography (TLC) [9]. However, most of the methods require
expensive equipments and complicated sample pretreatment.
Besides, vast organic solvents used for OPs extraction from sam-
ples may not be cost-effective. Therefore, establishing a low-cost,
high efficient and easy-to-use method for OPs detection is essen-
tially important.

Recently, electrochemiluminescence (ECL) has been emerging
as an alternative to the conventional methods and is able to meet
demands of high sensitivity, low background signal and simple
instrumentation [10]. It takes an advantage of technically merged
chemiluminescence and electrochemistry [11,12] with generation
of species at electrode surfaces where electron-transfer reactions
occur to form excited states of light emitting [13,14]. A variety of
ECL reagents such as luminol [15,16], semiconductor nanocrystals
(NCs)-based ECL system [17] and tris (2,2′-bipyridine) ruthenium
(Ⅱ) ( )( ) +Ru bpy 3

2 [18,19] have been used to develop sensitive bio-

sensor. Recently, luminol has become one of the most popular ECL
reagents on account of low oxidation potential, high emission
yields and inexpensive reagent consumption. The reactive oxygen
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species (ROSs) have been demonstrated to improve the ECL per-
formance of luminol in neutral medium [20]. As one of the ROSs,
hydrogen peroxide (H2O2) is a highly reactive species owning to its
presence of unpaired valent shell electron. H2O2 in the
luminol-H2O2 system was found to enhance the ECL of luminol
efficiently under various experimental conditions [21]. Such in-
tensification could reduce the limitation of ECL of luminol, such as
extension of practicable pH window, need for strong alkaline so-
lution and requirements for high exciting potential to avoid pos-
sible interference [22]. Recent studies have shown that AChE-
based inhibitory biosensors served as an alternative for OPs ana-
lysis [23]. The activity of AChE has been generally used as a
quantitative indicator of OPs measurement [24]. Choline is the
product of the enzymatic reaction. It can be oxidized on the sur-
face of electrode and generate electrochemical signals. Upon ad-
dition of OPs, the enzyme activity of AChE would be inhibited,
which can induce the decrease of electrochemical signals. How-
ever, the product would be different when a two-enzyme ap-
proach (AChE and ChOx) was employed in assembling the bio-
sensor. Since the hydrolysis product of AChE, choline was further
oxidized by ChOx in the presence of oxygen, H2O2 is produced
[25,26]. Similarly, addition of OPs would inhibit the AChE activity,
which in turn reduces H2O2, and as a consequence would weaken
the ECL signal of luminol. In this regard, biosensor could be em-
ployed based on the ECL of luminol intensified by H2O2. To the best
of our knowledge, there has been no report on using luminol-H2O2

approach for OPs assessment.
In order to achieve sensitive determination, nanometer-scale

materials have been used in fabrication of biosensors for their
large surface area, high loading capacity and uniform pore struc-
ture [3]. A previous report indicated that multi-walled carbon
nanotubes (MWCNTs) displayed a fast heterogeneous charge
transfer and possessed electrocatalytic properties due to the edge
plane sites in MWCNTs occurring at the ends and along the tube
axis [27]. Metal nanoparticle (NP) is another kind of popular ma-
terial owning to its high surface-to-volume ratio and high surface
energy. For example, Pt NPs and Au NPs showed unusual physical
and chemical properties, depending on their size and shape [28].
Potential application of Pt and Au in electrochemistry, electron-
transfer and ECL reactions has been investigated [22,29,30], and
the promoted effect on ECL signals of luminol-H2O2 system from
Au NPs was reported as well [31]. Pt NPs can not only catalyze ECL
of luminol molecules in solution but also enrich luminol molecules
on the surface of nanoparticles [32]. Electrodes modified with
metal NPs such as Au or Pt were showed to enhance the ECL
emission of luminol by 2–3 orders as compared to the original bare
electrodes [21]. Inspired by the superiorities of above nanoma-
terials, here we present a novel biosensor modification strategy.
We utilized the unique synergy properties of Au-Pt bimetallic NPs
and MWCNTs to improve biosensor performance and avoid the
deficiency and limitation of single nanomaterial. The novel bio-
sensor had been developed by electrodeposition of the Pt-Au bi-
metallic NPs on the MWCNTs modified glass carbon electrode
(GCE). The biocomposites AChE & ChOx were coimmobilized on
the Pt-Au/MWCNT-modified GCE by cross-linking the enzymes
and modified GCE through cysteine. Because H2O2 was generated
in the bioenzyme system, the ECL signal of luminol was sig-
nificantly amplified on AChE&ChOx/Pt-Au/MWCNT/GCE. Herein,
the OPs malathion, methyl parathion, chlorpyrifos and dufulin
were chosen as the inhibitors of AChE. On the base of the effects of
OPs on the ECL signal of luminol, a new rapid and sensitive lu-
minol-based ECL approach was developed for OPs detection.
2. Experimental

2.1. Materials and chemicals

The organophosphorous pesticide dufulin (99%) was obtained
from Center for Research and Development of Fine Chemicals of
Guizhou University. Malathion (95%), chlorpyrifos (99%) and me-
thyl parathion (99%) were obtained from Syngenta Nantong Crop
Protection Co., Ltd. MWCNTs (10–20 nm diameter, length 10–
30 mm, and 495% purity) were obtained from JC NANO, Inc.
(China). Chloroauric acid (HAuCl4 �4H2O, 47.8%) and chloroplatinic
acid (H2PtCl6 �6H2O, 37.5%) were purchased from Aladdin Co., Ltd.
L-Cysteine (99%) was purchased from J & K Chemical Co., Ltd. 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC),
N-Hydroxysuccinimide (NHS), luminol (497%), AChE (EC 3.1.1.7,
type VI-S; from electric eel; activity 149 U/mg solid), ChOx (EC
1.1.3.17, from Alcaligenes sp. activity 14 U/mg solid), and acet-
ylcholine chloride (ATCI) were purchased from Sigma-Aldrich Co.,
Ltd. (USA). The luminol stock solution (20 mmol L�1) was pre-
pared by dissolving the required amounts of luminol in
0.2 mol L�1 sodium hydroxide solution and stored in a light-proof
environment. All other chemicals from commercial source were of
analytical grade. Phosphate buffer solutions (PBS, 0.1 mol L�1)
with various pH values were prepared by mixing stock standard
solutions of K2HPO4 and KH2PO4. Double-distilled water was used
throughout the experiments.

2.2. Apparatus

The electrochemiluminescence was measured on a model MPI-
E ECL working station (Xi’an Remex Analysis Instruments Co., Ltd.
China). A conventional three-electrode configuration was em-
ployed, consisting of a glassy carbon electrode (GCE, Φ¼3 mm)
served as the working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a platinum wire as the
counter electrode. The voltage of the photomultiplier tube (PMT)
was set at 800 V in the process of detection. The electroanalytical
measurements such as cyclic voltammetry (CV), amperometric i-t
curve and electrochemical impedance spectroscopy (EIS) were
performed with a CHI660E electrochemical analyzer. A field
emission scanning electron microscope (FESEM, S-4800, Hitachi,
Japan) operated at an accelerating voltage of 15.0 kV and an en-
ergy dispersive X-ray spectrometer (EDX) attached to the FESEM
were used to characterize the surface of electrodes.

2.3. Preparation of Pt-Au/MWCNT modified electrode

The outer surfaces of MWCNTs were grafted with –COOH to
enhance the dispersion and stability according to the previous
report [33]. Briefly, MWCNTs (400 mg) was refluxed in a
H2SO4-HNO3 blend acid (3/1, V/V) at 95 °C for 20 h. The mixture
was centrifuged and repeatedly washed with double-distilled
water to neutrality and dried under N2. The black solid obtained
was denoted as MWCNTs-COOH.

Prior to modification, the bare GCE was polished to a mirror-
like surface with 1, 0.3, and 0.05 mm alumina slurry, rinsed ultra-
sonically in ethanol and double distilled water for 5 min each time.
MWCNTs-COOH (25 mg) and double-distilled water (20 mL) were
mixed in a flask with the help of magnetic stirring to form a
homogeneous suspension. A certain volume of the resulting sus-
pension was casted onto a GCE and dried at room temperature
(denoted as MWCNT/GCE).

After that, Pt-Au was electrodeposited at MWCNT/GCE surface
through amperometric i-t curve at �0.2 V for 300 s in deox-
ygenated solution of 0.5 mol L�1 H2SO4 solution with
5 mmol L�1 H2PtCl6. Subsequently, the same procedure was
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performed in 0.5 mol L�1 H2SO4 solution containing 5 mmol L�1

HAuCl4 (denoted as Pt-Au/MWCNT/GCE) [26]. For comparison,
Pt&Au/MWCNT/GCE, Au/MWCNT/GCE, and Pt/MWCNT/GCE were
prepared with the same method in 0.5 mol L�1 H2SO4 solution
containing the mixture of 5 mmol L�1 HAuCl4 and
5 mmol L�1 H2PtCl6, 5 mmol L�1 HAuCl4, and 5 mmol L�1 H2PtCl6,
respectively. After electrodeposition, the modified electrodes were
gently washed with double distilled water and dried at room
temperature.

2.4. Fabrication of the ECL biosensor

For immobilization of the biocomposites AChE-ChOx onto the
electrode, the modified electrode was first immersed in 0.02 mol
L�1

L-cysteine solution at 4 °C for 20 h. The resulting electrode was
rinsed thoroughly with double-distilled water. Then, the electrode
was immersed in PBS containing 20 mg mL�1 EDC and
10 mg mL�1 NHS at 37 °C for 1 h to activate the –COOH of L-cy-
steine. After that, the electrode was rinsed with double-distilled
water. Finally, 10 μL of the mixed enzyme solution (0.004 U AChE
and 2 U ChOx) was dropped onto the modified GC electrode and
allowed to dry overnight at 4 °C. The dried electrode was rinsed
with PBS (pH 7.4) to remove loosely bound enzymes and stored at
4 °C (denoted as AChE&ChOx/Pt-Au/MWCNT/GCE).

2.5. ECL measurements

Organophosphorous pesticides malathion, chlorpyrifos, methyl
parathion and dufulin were chosen as the representative OPs for
AChE inhibition. AChE&ChOx/Pt-Au/MWCNT/GCE was first im-
mersed in PBS (pH 7.4) solution containing different concentra-
tions of standard malathion or other pesticides at 4 °C for 10 min
and immersed to the solution of 10 mL pH 8.0 PBS containing
2.0 mmol L�1 ATCl and 0.4 mmol L�1 luminol to perform cyclic
ECL measurement. The potential was ranged within 0.3–0.6 V,
with a scan rate 100 mV/s.

2.6. OPs assessment in cabbage

The analytical performance of the proposed biosensor was used
to determine the OPs residues in cabbage. The vegetable was
chopped and ground. Samples were extracted with 20 mL
chloroform and repeated in triplicate. The extracts were pooled
and evaporated to dryness under vacuumwith a rotary evaporator.
The residue was resolved in suitable volumes of PBS (0.1 mol L�1,
pH 7.4). The solution was filtered by 0.22 mm nylon membrane and
Fig. 1. Schematic illustration of the fabrication of the biosensor and
detected for the proposed ECL biosensor. Meanwhile, the spiked
recovery test was also carried out to verify the feasibility of the
method. Ground cabbage sample was spiked with an appropriate
volume of standard malathion (or chlorpyrifos, methyl parathion
and dufulin) to obtain the final concentrations of 1, 40 and
100 nmol kg�1, respectively. The final concentrations of dufulin
were 100, 250 and 500 nmol kg�1. The spiked samples were in-
cubated and stood for about an hour before extraction. The ex-
traction and analysis were the same as indicated above.
3. Results and discussion

3.1. Principle of the ECL biosensor

Fig. 1 depicts the principle of dual-amplification strategy for
OPs detection. Briefly, carboxyl-modified MWCNT was modified
on the GCE surface. The bimetallic Pt-Au NPs were deposited,
followed by conjugating with AChE&ChOx. In this case, ATCI in ECL
detection solution was hydrolyzed into choline and acetate by
AChE (Eq. (1)). Choline was further oxidized into betaine and H2O2

(Eq. (2)). As a result, the ECL signal of luminal was stimulated by
bimetallic NPs and enzyme. When OPs were added, the enzyme
activity of AChE was inhibited, and consequently, the ECL signal
intensity was declined.

+ → + ( )Acetylcholine H O Choline Acetate 12
AChE

+ + → + ( )Choline 2O H O Betaine 2H O 22 2
ChOx

2 2

3.2. Surface characterization of the prepared electrode

The morphology of the MWCNT/GCE and Pt-Au/MWCNT/GCE
was characterized by SEM studies (Fig. 2). The SEM image in-
dicated that the average diameter of MWCNTs was at around
30 nm (Fig. 2A). MWCNTs were well distributed homogeneously
on the electrode surface. Most of them were in the form of single
tubes or small bundles. After deposition of Pt and Au NPs, a large
amount of particles were found to attach on the MWCNTs surface.
The sizes of the particles were in the range of 20–50 nm (Fig. 2B).

The EDX analysis was performed to investigate elemental
compositions of the modified electrode. The results were illu-
strated in Fig. 2C. The image pointed to the dominant peaks of Au
and Pt, suggesting the successful electrodeposition of Au and Pt on
the MWCNT/GCE.
the principle of dual-amplification strategy for OPs detection.



Fig. 2. SEM images of MWCNT (A) and Pt-Au/MWCNT (B). EDX image of Pt-Au/MWCNT (C).
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3.3. Electrochemical and ECL behavior of modified electrodes

3.3.1. Electrochemical characterization of modified electrodes
Cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS) were used to investigate the electrochemical
characteristics of the modified electrodes. The CVs of stepwise
modified electrodes in 2 mmol L�1 ( ) − −Fe CN 6

3 /4 containing
0.2 mol L�1 KCl solution were showed in Fig. 3A. In case of bare
GCE, a well-defined redox peak (current �51 μA and potential
�0.18 V) with peak-to-peak separation (ΔEp) of �69 mV was
observed. After deposition of MWCNTs, the redox peak current
increased. This could result from the excellent electrochemical
conductivity and small dimensional size of MWCNTs [34]. Fol-
lowing the modification of bimetallic Pt-Au NPs, the CV redox peak
current (261 μA) was further enhanced. This was due to the high
conducting Au and Pt NPs, which behaved as an electron-transfer
channel and further improved the conductivity of GCE [35,36].
With the combination of AChE&ChOx onto Pt-Au/MWCNT/GCE
surface, an obvious decrease of the redox current was observed,
owing to the hindrance of nonconductive multiple enzymes.

EIS was also employed to characterize interface properties of
the stepwise assembly of biosensor. The typical impedance spec-
trum includes a semicircle portion and a linear portion. The
semicircle diameter at higher frequencies corresponds to the
electron-transfer process, and the linear part at lower frequencies
represents the diffusion-limited process [22]. The diameter of
semicircle was equivalent to the electron-transfer resistance (Ret)
[37]. The results of EIS on different electrodes in the presence of
5 mmol L�1 ( ) − −Fe CN 6

3 /4 containing 0.2 mol L�1 KCl solution with
a frequency range of 1 Hz–100 kHz were illustrated in Fig. 3B. Bare
GCE had an obvious semicircle. The Ret value was 267Ω. At
MWCNT/GCE, a dramatically decreased semicircle diameter was
found. This could be explained by the fact that MWCNTs were
immobilized on GCE and the excellent conductivity of MWCNTs
could promote electron transfer. After modification with nano-
particles Pt and Au, the Pt-Au/MWCNT/GCE displayed a nearly
straight line with very low Ret. These results imply that MWCNTs-
coated bimetallic Pt-Au NPs acted as good electron conducting
materials. That made high electron conduction pathways between
anionic ( ) − −Fe CN 6

3 /4 and the electrode. When compared to the
nanocomposites-modified electrode, the semicircle diameter in-
creased with the immobilization of AChE&ChOx biocomposite on
the Pt-Au/MWCNT/GCE, with a Ret value of 91Ω.

3.3.2. Electrochemiluminescence characterization of the modified
electrodes

To illustrate the dual-amplification effect of the proposed bio-
sensor, we measured ECL behaviors of the modified electrode step
by step. No ECL signal was observed on bare GCE (curve a), while
both MWCNT/GCE and Pt-Au/MWCNT/GCE showed slight ECL
signals (curve b and c) (Fig. 3C). With AChE&ChOx immobilization
onto the Pt-Au/MWCNT/GCE, the intensity of ECL peak was con-
siderably increased up to 6179 (curve d). Besides, the electrode
showed an excellent stability after 10 cycles with RSD of 2.13%
(inset Fig. 3C). To make a comparison, we modified AChE&ChOx on
MWCNT/GCE (curve e). It was shown that the ECL signal was only
23.46% that of AChE&ChOx /Pt-Au/MWCNT/GCE (curve d), con-
firming that the significant enhancement of the ECL signal was not
only caused by MWCNTs and bimetal Pt and Au, but also induced
by massive anchoring sites provided by bimetallic Pt-Au NPs for
immobilization of AChE&ChOx.

We presented the ECL signals of luminol at AChE&ChOx/
MWCNT/GCE (a), AChE&ChOx/Pt/MWCNT/GCE (b), AChE&ChOx/
Au/MWCNT/GCE (c), AChE&ChOx/Pt&Au/MWCNT/GCE (d), and
AChE&ChOx/Pt-Au/MWCNT/GCE (e), respectively (Fig. 3D). The
ECL intensity of the modified GCE without electrodeposition was
very low (a). After deposition of Pt (b) or Au (c), both ECL re-
sponses were enhanced, with the intensity values being 2259 and
3955, respectively. Given that Pt and Au were deposited at the
same time (d), the increased ECL signal might be observed, but it
was still lower than that at AChE&ChOx/Pt-Au/MWCNT/GCE (e).
Therefore, the way of electroplating first in 5 mmol L�1 H2PtCl6,



Fig. 3. (A) CVs and (B) EIS for (a) bare GCE, (b) MWCNT/GCE, (c) Pt-Au/MWCNT/GCE, and (d) AChE&ChOx/Pt-Au/MWCNT/GCE in ( ) − −Fe CN 6
3 /4 solution. (C) ECL response of

(a) bare GCE, (b) MWCNT/GCE, (c) Pt-Au/MWCNT/GCE, (d) AChE&ChOx/Pt-Au/MWCNT/GCE and (e) AChE&ChOx/MWCNT/GCE in 10 mL 0.1 M PBS (pH 8.0) with 0.4 mM
luminol and 2 mM ATCI. Scan rate: 100 mV/s. The inset shows the stability of the proposed biosensor. (D) Effect of electroplating ways on the ECL intensity with 2 mM ATCI
and 0.4 mM luminol in 0.1 M PBS (pH 8), (a) AChE&ChOx/MWCNT/GCE, (b) AChE&ChOx/Pt/MWCNT/GCE, (c) AChE&ChOx/Au/MWCNT/GCE, (d) AChE&ChOx/ Pt&Au/MWCNT/
GCE and (e) AChE&ChOx/Pt-Au/MWCNT/GCE.
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and the same procedure in 5 mmol L�1 HAuCl4 was selected for
further studies.

3.4. Optimization of analytical conditions

Fig. 4A showed the cyclic voltammetry (CV) of different de-
position volumes of MWCNT on GCE. In the case of curve a, a well-
defined oxidation peak (current of 56.53 μA and potential of
0.244 V) with peak-to-peak separation (ΔEp 79 mV) was observed.
The current response increased with the MWCNTs volume and
reached a peak at 8 μL. Therefore, 8 μL was selected as the de-
position volume of MWCNT.

In addition, the electrocatalytic activity of H2O2 on the modified
electrode by linear sweep votlammograms (LSVs) was checked.
The typical LSVs for 5 mmol L�1 H2O2 over the potential range of
0.0–1.0 V were showed in Fig. 4B. For MWCNT/GCE, no significant
current was observed with potentials lower than 0.8 V. In the case
of all Pt-Au/MWCNT/GC electrodes, increased catalytic current was
observed after 0.3 V. The current enhanced with deposition time
and maximum of catalytic current was obtained when the time of
electrolytic deposition was 300 s

The concentration of ATCI was optimized in ECL detection so-
lution (Fig. 5A). The ECL intensity was increased dramatically with
ATCI concentrations from 1.5 to 2.0 mmol L�1 and then reached a
plateau. Therefore, 2 mmol L�1 was selected as the optimal con-
centration of ATCI for the subsequent studies.

The concentration of luminol was one of the most influential
parameters. With the concentration of luminol, the ECL peak in-
tensity increased and reached the maximum at 0.4 mmol L�1 and
then kept steady (Fig. 5B). Thus, 0.4 mmol L�1 was selected as the
optimal concentration of luminol for further studies.

The ECL intensity of the proposed biosensor was also depen-
dent on pH of the solution. With the pH, the ECL intensity in-
creased, reaching the peak at pH 8.0 and then decreased (Fig. 5C).
The optimum pH value for AChE was proved to be 8.0–9.0 and 7.0–
8.0 for ChOx [22]. The enzyme lost activity irreversibly at higher



Fig. 4. Optimization of Pt-Au/MWCNT nanocomposites modified electrode. The CV
responses of ( ) − −Fe CN 6

3 /4 redox current through relevant MWCNTs volume de-
posited on the GCE (A) and the effect of the electrolytic deposition time toward the
electrocatalytic reduction of H2O2 (B). Error bars are the standard error of the mean
(n¼3 electrodes).

Fig. 5. (A) Effect of ATCI concentration on the ECL intensity with 0.4 mM luminol at
AChE&ChOx/Pt-Au/MWCNT/GCE in 0.1 M PBS (pH 8.0). (B) Effect of luminol con-
centration on the ECL intensity with 2 mM ATCI at AChE&ChOx/Pt-Au/MWCNT/GCE
in 0.1 M PBS (pH 8.0). (C) Effect of pH on the ECL intensity at AChE&ChOx/Pt-Au/
MWCNT/GCE with 2 mM ATCI and 0.4 mM luminol.
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pH because of the denaturation of the protein. Therefore, pH
8.0 was used as the supporting electrolyte for OPs detection.

3.5. Analytical performance of the proposed ECL biosensor for or-
ganophosphorous pesticides

The proposed biosensor was then used for determination of
OPs under the optimized procedures. As expected, the ECL in-
tensity decreased with the increasing concentration of inhibitor.
The inhibition rate was calculated as follows:

( ) = − *
( )

⎡
⎣⎢

⎤
⎦⎥

I I
I

Inhibition % 100
3

0 s

0

Where I0 was the ECL intensity without OPs inhibition, and Is was
the ECL intensity after the incubation of different inhibitor solu-
tions for 10 min. When the inhibitor concentration was measured,
the lower inhibition rate of enzyme activities should be avoided
because some interferents could also inhibit the enzyme although
the degree of the inhibition was very low. To avoid false positive
occurrence, at least 10% inhibition rate of the enzyme activity is
required [23]. Therefore, the limit of detection in this method was



Fig. 6. Calibration curves for methyl parathion (A), malathion (B), chlorpyrifos (C), and dufulin (D) on the AChE&ChOx/Pt-Au/MWCNT/GCE. ECL conditions: scan rate:
100 mV/s; PMT voltage: 800 V.
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defined as the concentration of the inhibitor needed to cause 10%
inhibition of the enzyme activity. In a proposed method, four or-
ganophospohorous pesticides were individually determined.
However, if four organophospohorous pesticides were detected
simultaneously, they might interference each other as methyl
parathion, malathion and chlopyrifos were the typical AChE
inhibitors.

The calibration plot of inhibition for different pesticides was
shown in Fig. 6. The calibration graph of the inhibition (%) versus
the concentration of pesticide methyl parathion could be de-
scribed by two sections, namely 0.1–2 nmol L�1 and
2–50 nmol L�1 (Fig. 6A). The obtained regression equations for the
former and later were I (%)¼7.5675lnC (nmol L�1)þ27.865
(R2¼0.9984) and I (%)¼0.6744 C (nmol L�1)þ30.134 (R2¼0.9815),
respectively. Accordingly, the curves of I versus C toward pesticide
malathion exhibited two ranges from 0.1 to 5 nmol L�1 and from
5 to 50 nmol L�1 with regression equations of I (%)¼8.4671lnC
(nmol L�1)þ25.672 (R2¼0.9965) and I (%)¼0.8135C
(nmol L�1)þ35.138 (R2¼0.9904), respectively (Fig. 6B). For pesti-
cide chlorpyrifos they were I (%)¼4.5489lnC (nmol L�1)þ21.589
(R2¼0.9907) (0.1–5 nmol L�1) and I (%)¼0.9001C
(nmol L�1)þ22.652 (R2¼0.9800) (5–50 nmol L�1), respectively
(Fig. 6C). However, the linear working range of the biosensor for
pesticide dufulin was found to be 50–500 nmol L�1, with a re-
gression equation of I (%)¼0.111C (nmol L�1)þ6.7027
(R2¼0.9643) (Fig. 6D). The inhibition (%) of AChE had a linear re-
lationship with ln methyl parathion concentration from 0.1 to
2 nmol L�1 and a linear relationship with methyl parathion con-
centration from 2 to 50 nmol L�1. However, the linear relation-
ships were divided into two parts from 0.1 to 5 nmol L�1 and
5–50 nmol L�1 for chlorpyrifos and malathion. In addition, the IC50

(the concentration of the inhibitor needed to cause 50% inhibition
of the enzyme activity) could be calculated from the regression
equations. The IC50 was 30.38 nmol L�1 for chlorpyrifos,
29.46 nmol L�1 for methyl parathion and 18.27 nmol L�1 for ma-
lathion, respectively. The detection limit for methyl parathion,
malathion, chlorpyrifos and dufulin was 0.09 nmol L�1,
0.16 nmol L�1, 0.08 nmol L�1, and 29.7 nmol L�1, respectively.
Hence, the developed biosensor was highly sensitive and could be
used to the individual detection of different OPs residues at the
nmol L�1 level. The good analytical characteristics were attributed
to the Pt-Au bimetallic nanoparticles on the surface of MWCNTs-



Fig. 7. Signals of 10 nmol L�1 chlorpyrifos in the absence and presence of
1 μmol L�1 2-nitrotoluent, 1 μmol L�1 p-nitrophenol, 0.4 mM NO3

� , 0.4 mM SO4
2�

and 0.4 mM Cr6þ , respectively. Vertical bars represent three replicate measur-
ements7standard deviations. Asterisks indicate the significant differences between
in the absence and presence of Cr6þ (po0.05).

Table 1.
Recoveries of cabbage spiked with organophosphorous pesticides.

Compound Cabbage Recovery (%) RSDa (%)

Spiked
(nmol kg�1)

Found
(nmol kg�1)

Chlorpyrifos 0 ndb

10 9.92 99.19 8.43
40 35.95 89.88 3.71

100 95.15 95.15 5.41

Malathion 0 ndb

10 9.94 99.36 5.42
40 43.37 108.43 7.18

100 95.95 95.95 9.92

Methyl parathion 0 ndb

10 9.61 96.04 1.78
40 36.69 91.73 7.86

100 97.19 97.19 9.54

Dufulin 0 ndb

100 77.69 77.69 11.14
250 221.63 88.65 7.38
500 402.55 80.51 8.59

a RSD relative standard deviatio.
b nd: not detected.
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modified electrode, which provided high anchoring sites for the
enzymes and good catalytic efficiency. Dufulin was selected as a
reference in this study. However, its main functional mechanism
was not towards AChE. The interaction between dufulin and AChE
was weaker than that between the other three organopho-
sphorous and AChE. Therefore, Dufulin shows a low sensitivity.

3.6. Selectivity of the biosensor

The selectivity and sensitivity of biosensor were investigated
for the realistic application. A standard solution of pesticide
chlorpyrifos in existing interfering species such as 2-nitrotoluene,
p-nitrophenol, oxygen-containing inorganic ions (SO4

2� , NO3
�)

and heavy metal ion Cr(VI) were analyzed (Fig. 7). Results showed
that 100-fold concentrations of 2-nitrotoluene, p-nitrophenol,
40000-fold concentrations of SO4

2� , and NO3
� had negligible ef-

fects on chlorpyrifos detection by the present biosensor. In addi-
tion, Cr(VI) showed an 8.7% effect on inhibition, which was com-
parable to the earlier report [24]. These results clearly demon-
strated that the proposed biosensor could selectively detect OPs
and offer a credible signal when the interfering species reached a
relatively high concentration.

3.7. Regeneration of acetylcholinesterase

It has been proved that the inhibition of AChE by OPs was ir-
reversible because of the covalent link of organophosphorus-based
pesticides to AChE [38]. However, AChE was reactivated by the
usage of nucleophilic compound 2-pyridine aldoxime methiodide
(2-PAM). The regeneration of AChE activity could reach to 90% of
the original activity after a 15 min incubation in the PBS of 2-PAM.
This reactivation further confirmed that the inhibition was due to
the pesticides and the biosensor was renewed.
3.8. Analysis of pesticides in cabbage sample

To evaluate the precision and application of the proposed
method in matrix or additive interferences, cabbages were col-
lected and analyzed by the ECL biosensor using a standard addi-
tion method. The cabbage samples without addition of OPs were
also evaluated. As summarized in Table 1, the concentration of
original samples was not detected. The recoveries for the cabbage
samples were found to be 77.69–108.43%, with RSD values ranging
from 1.78–11.14%, respectively. Therefore, the preliminary results
indicated that the proposed method can be used for individual
determination of different OPs residues in real samples with high
accuracy and reproducibility.

The method was further compared to other literatures with
regard to the detection of OPs in complex matrices [24,39–41]. The
recoveries of OPs in the proposed method were comparable to the
previous reports (Table 2). The limit detection for the re-
presentative OPs (methyl parathion, malathion and chlorpyrifos)
was 24–52 ng kg�1. Obviously, the limitation was significantly
lower or comparable with the previous reports.
4. Conclusions

A novel ECL biosensor for determination of organophosphorous
pesticides has been developed. The proposed biosensor consisted
of AChE&ChOx enzyme composites which were immobilized on
the surface of Pt-Au/MWCNT modified glass carbon electrode
through the cross-linking by cysteine. Based on the integration of
these electrochemically nanometer materials and the generation
of coreactant H2O2 in enzymatic reaction, the ECL signal of luminol
was significantly amplified. The resulting biosensor showed good
sensitivity and long-term stability when used for realistic samples.
Significant advantages of the proposed biosensor include simpli-
city of construction, the benefit of the enhancement effects of the
nanoparticles (MWCNTs, Pt, and Au) and enzyme composites on
the ECL intensity of luminol in the luminol-ECL system. More
importantly, the biosensor also showed fine applicability for the



Table 2.
Comparison of analytical performances of different organophosphorous pesticides biosensors.

Matrices Detection method Working electrode Analytes Recovery (%) Detection limit Reference

Cabbage ECL AChE&ChOx/Pt-Au/MWCNT/GCE OP pesticides 78–108 0.08–29.7 nmol L�1 Our work
Water Amperometric AChE/Fe3O4/c-MWCNT/Au electrode OP insecticides 95–109 0.1–10 nmol L�1 24
Cabbage ECL AChE–QDs–GNs–GCE Methyl parathion 94–103 60 ng L�1 (0.23 nmol L�1) 41
Milk Amperometric screen-printed thick-film electrodes Paraoxon, Carbaryl 89–107 1, 20 μg L�1 (3.63, 99.39 nmol L�1) 39
– Amperometric MPDE-CdTe/Cys/Au/MWCNT/GCE Methyl parathion – 1 ng mL�1 (3.80 nmol L�1) 40

QDs, quantum dots.
MPDE, methyl parathion degrading enzyme.

S.S. Miao et al. / Talanta 158 (2016) 142–151150
individual detection of different OPs in realistic samples. Thus, our
study represents a novel, simple and sensitive method for mon-
itoring the trace OPs in environmental media.
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